Abstract-Electroless-plated nickel films for electronic packaging applications such as under bump metallurgy (UBM) and flip chip bumps are investigated in this study. Quantitative stress of an electroless-plated Ni-P film on an Al coated Si wafer has been measured using a laser scanning profiler and the Stoney equation. A tensile intrinsic stress was developed due to plating defects, and also a tensile extrinsic thermo-mechanical stress due to temperature change and the CTE mismatch of Ni film and Si substrate was observed. It was found that the extrinsic stress became more tensile as the phosphorus content of the electroless Ni film decreased. Therefore, it is necessary to reduce the amount of stresses developed at the electroless Ni film by controlling phosphorous content of the electroless Ni film for reliable electronic packaging applications.
I. INTRODUCTION

E
LECTROLESS nickel has many potential advantages, such as selective autocatalytic metal deposition, solder wettability, and solder diffusion barrier. Ultimately, electroless Ni has high potential for lower cost under bump metallurgy (UBM) and flip chip bumps themselves for flip chip packaging. Therefore, there have been some studies on electroless-deposited Ni films on Al coated Si wafers for electronic packaging application [1] - [3] .
However, issues like plating bath control and electroless Ni film reliability improvement have to be improved in order to apply electroless Ni widely. First, formulation and maintenance of electroless Ni plating bath should be precisely controlled. And secondly, the reliability of electroless Ni film, especially, the stress of Ni film, should be well understood. It was reported that fracture would come from excessive internal stress in electroless Ni films [6] . And it was also reported that the high stress in the electro-deposited Ni films measured by the Dvorak-Vrobel stressometer caused the reduction of fatigue life [7] . In addition, an attempt was made to measure the stress of electroless-deposited Ni film directly using the BrennerSenderoff contractometer [12] . However, results from the contractometer do not indicate the thermo-mechanical stress of Manuscript received November 15, 2000; revised December 7, 2001 . This work was supported by the Center for Electronic Packaging Materials, Korea Science and Engineering Foundation. This work was recommended for publication by Associate Editor K. Ramakrishna upon evaluation of the reviewers' comments.deposited films. And, all these studies were performed for protective Ni coating applications using Al substrates rather than for electronic packaging applications using silicon substrates. Therefore, it is necessary to investigate the stress behavior of electroless-deposited Ni films on a silicon substrate system. In-situ measurement of Ni film stress using a laser scanning profiler is investigated as a function of temperature cycling [9] , [13] , [14] . And the intrinsic and extrinsic stresses of an electroless Ni film are separated from the measured stress using the theoretical Stoney equation. And then, they are correlated with electroless Ni film conditions.
II. EXPERIMENT
A. Electroless Nickel Plating Process
The composition of electroless Ni solution is given in Table I . Each component: nickel sulfate NiSO as a Ni ions source, sodium hypoposphite NaH PO as a reducing agent, acetic acid CH COOH as a complexing agent, and NH OH or H SO as a pH controller are added. In addition, a stabilizer was used to prevent decomposition of the Ni plating solution. The temperature of plating bath was maintained at 90 0.5 C.
Electroless deposition process of the Ni film on an Al surface is given in Table II . Before the Ni plating, a zincate process should be used to activate the Al surface with Zn. The zincate solution was optimized to produce fine Zn particles distributed on the Al surface by controlling ZnO, NaOH, and additives component in the zincate solution. The more and the finer the Zn particles deposited, the better the adhesion between Al and subsequently deposited electroless Ni film was found [2] .
B. Stress Measurement
The stress of electroless-deposited Ni on a 4 in Si wafer was measured using a Tencor ® FLX laser scanning profiler. As the electroless Ni was deposited on a Si wafer, there was intrinsic stress induced in a Ni film resulting in a curvature of a Si wafer. Principles of film stress calculation from wafer curvature measurement using a laser scanning profilometer have been well developed [9] , [13] , [14] . The Stoney equation can describe the amount of film stress as a function of the curvature [8] - [11] . If a Ni film was deposited on a flat Si surface, the stress in the Ni film can be explained as (1) where elastic modulus of the Si substrate GPa , Poisson's ratio of the Si substrate , thickness of the Si substrate m , Radius of curvature, thickness of the Ni deposit. Furthermore, from geometrical consideration of the curvature. The maximum bow value can be described as (2) where is the scan length of the laser profilometry cm . And then the stress in the Ni film, , can be explained as (3) The maximum bow value, , was measured during the thermal cycle from room temperature to 150 C. The indicates the bow value difference between before and after electroless Ni plating on the Al/Si specimen at a certain temperature. Therefore, the total stress in the deposited Ni film can be obtained from experimentally measured values [8] , [13] , [14] , [16] . Fig. 1 shows the optical photograph of gold coated/electroless Ni bumps on Al pads of Si chips. The aluminum pad size was 100 m square and the pitch was 150 m. The thickness of the electroless Ni film was around 20 m. Fig. 2 shows the photograph of the electroless Ni UBM layer with 5 m thickness and solder bumps subsequently deposited on electroless Ni UBM's. The electroless Ni used in this study has phosphorus content of 11.5 wt%, and resistivity, hardness, and bump shear strength of Ni bumps were 70 10 -cm, 500 50 HV (Vickers hardness), and 132 15 MPa, respectively. 
III. RESULTS AND DISCUSSION
A. Electroless Ni Characterization
B. Electroless Ni Stress Analysis
Total stress within a deposited film can be classified as an intrinsic and extrinsic. An intrinsic stress can be developed during film deposition processes due to film defects. Generally, several factors such as film growth process, hydrogen evolution, microvoids, and atomic defects are known as origins of intrinsic stresses in the electroless Ni [4] , [5] . In contrast, an extrinsic stress is primarily due to differences in the thermal expansion coefficients (CTE) of the electroless Ni and a substrate and also temperature changes.
Based on (3), the thermal cycling result for the electroless Ni deposited on a silicon substrate was shown in Fig. 3 . Although in-situ film stress cannot be measured during plating at 90 C, one can assume that the electroless Ni deposited at 90 C is near stress-free from Fig. 3 . This means that there are no intrinsic and extrinsic stresses at as-deposited state. However, when the electroless Ni film cooled down from plating temperature of 90 C to room temperature, the film is under biaxial tensile stress of 101 MPa, which is an extrinsic stress. Secondly, when the film was firstly annealed up to 150 C and subsequent cooling to room temperature, the total stress of the film increased from 101 MPa to 149 MPa toward more tensile direction. During further thermal cycling, almost reproducible hysteresis was observed. Reversible behavior of the curve indicates that the electroless Ni film became stabilized and followed elastic behavior. At this moment, the slope of the curve is the product of the difference in thermal expansion coefficients and the biaxial elastic modulus of the film. This slope can be written as slope (4) where elastic modulus of the Ni film, Poisson's ratio of the Ni film, of the Si substrate, of the Ni film, change of temperature. Comparing the slope of each heating and cooling curve, the slope in the temperature range of 100 C to 150 C during heating 1 changed slightly. And that is the reason why the increase of biaxial tensile stress occurred after the first thermal cycling. Except this region during the first heating cycle, the film deformed elastically because every heating and cooling curve had the same slope. The measured slope of the elastic curve was 1.55 MPa/K. From above results, we could estimate mechanical properties of deposited Ni film such as , , and .
The increase of biaxial tensile stress during the first thermal cycling can be explained as follows. If the intrinsic stress becomes tensile, the volume of the film must be reduced. Many early works reported that the tensile intrinsic stress was originated from various defects such as hydrogen and micro-voids, and structural transformation during film deposition [4] , [9] . These factors can be also developed during electroless Ni plating process. However, as described before, the intrinsic stress at as-deposited state was almost negligible. Then, 48 MPa and 12 MPa tensile stresses were generated during the first and further annealing step, respectively. This means that there was Ni film volume reduction during the thermal cycling resulting in an increase of tensile stress. Ni volume reduction during the thermal cycling may be due to the decrease of Ni film defects. At last, the film was stabilized after the Ni film defects changed. After the intrinsic stress of deposited Ni film was measured as 60 MPa, extrinsic thermal stress can be calculated by extracting the intrinsic stress from total film stress. In Fig. 3 , the total stress was observed at 161 MPa, and therefore, the extrinsic thermal stress was 101 MPa during room temperature and 150 C thermal cycling. In general, it is reported that extrinsic stress of an electroless Ni film on a metal substrate is almost negligible or sometimes compressive [4] , [12] . However, it is found that the extrinsic stress of the electroless Ni on a Si wafer is significant amount and tensile. The origin of the extrinsic stress of the electroless Ni on the Si system is mostly due to the thermal coefficient of expansion mismatch between electroless Ni film 12-23 ppm/K and a Si 3 ppm/K substrate.
IV. ELECTROLESS NI STRESS CHANGE VERSUS
PLATING CONDITIONS Fig. 4 shows the amount of phosphorus, the total film stress, and extrinsic stress in electroless-deposited Ni film as a function of plating solution pHs. Almost linear relationship between the pH of plating solutions and phosphorus content has been found. The difference between the total film stress and the extrinsic stress means the intrinsic stress at room temperature generated by densification of the film. As the pH of the plating solutions increases, significant changes of stresses were observed in Fig. 4: 1) the total film and extrinsic stresses become more tensile.
2) the intrinsic stress at room temperature (difference between the total stress and the extrinsic stress) increases more tensile. According to (4) , the amount of the extrinsic stress is strongly related to the values of the biaxial elastic modulus and the CTE of the electroless Ni. It was reported that these properties were affected by the phosphorus content in an electroless Ni [4] , [15] , [17] . It was reported that the elastic modulus of electroless Ni varied from 50 to 70 GPa, as phosphorus contents changed from 3 to 12 wt%, and the elastic modulus reached maximum in the electroless Ni with 5-7 wt% P content [4] , [7] . Besides the elastic modulus, the CTE's of the electroless Ni dramatically increase from 12 to 23 ppm/K, as the phosphorus content decreases from 11 to 6 wt% [15] .
Therefore, the electroless Ni deposited at pH 6.8, which has about 6 wt% phosphorus content, should have higher elastic modulus and CTE than others deposited at lower pH. Therefore, it seems to be quite reasonable that the maximum extrinsic stress is obtained at the lowest P content with the pH 6.8 solution. In case of the intrinsic stress, it was already explained that the intrinsic stress increased tensile direction with more atomic defects causing film densification. Therefore, the intrinsic stress was correlated with the film roughness at as-deposited state. Fig. 5 shows the variation of the film roughness as a function of pH. We could find that the film surface became rougher when pH of the solution increased. The average roughness of the film was changed from 181 to 690 as the pH of the solution varied from 4.70 to 5.85 due to faster plating speed. It was reported that faster plating speed was observed in higher pH [4] . Therefore, rougher surface deposited with faster speed at higher pH might have larger amount of atomic defects which would induce more shrinkage of the film.
In a Si substrate system, it is obvious that an electroless Ni has a large amount of tensile stress, and it depends on the phosphorus content and the atomic defects in the electroless Ni. Therefore, it is necessary to reduce the amount of tensile extrinsic stress of electroless Ni film deposited on a Si wafer by optimizing the phosphorous content which affects the modulus and the CTE of the electroless Ni films.
V. CONCLUSION
The electroless Ni plating process has been developed for electronic packaging applications. The total film stress of the electroless plated Ni film on an Al coated Si wafer was quantitatively measured using a laser scanning profiler and the Stoney equation. Electroless Ni film had no intrinsic stress at as-deposited state, but it changes toward a tensile intrinsic stress state after annealing process presumably due to volume reduction which is associated with plating defects. The tensile extrinsic stress appeared because of the CTE mismatch between the electroless Ni film and a Si wafer. As pH of the plating solution increases, the amount of total and extrinsic stresses in the electroless Ni film becomes more tensile. And this result is strongly related to the decrease of phosphorus contents in Ni film. Optimizing the electroless Ni plating conditions and subsequently controlled elastic modulus and CTE of the electroless plated Ni film are needed for reliable electronic packaging applications.
